The relationship of segmental left ventricular (LV) wall motion abnormalities to LV function 2-6 days after acute transmural myocardial infarction (MI) was investigated in 45 patients by quantitative contrast ventriculography. Patients were divided into four classes according to the MIRU criteria. Segmental wall motion was assessed by determining the percentage of systolic shortening (AS) along nine hemiaxes and the extent of akinetic or dyskinetic abnormally contracting segments (% ACS) expressed as a percentage of end-diastolic perimeter.
In this study we report results of early stage contrast left ventriculography performed without complications in patients with acute MI, in most of whom surgical intervention was being considered. Special attention is focused on 1) the influence of both the extent and location of the segmental disease on the overall LV function, and 2) the tendency of noninfarcted myocardium to compensate for the depressed function of the acutely infarcted myocardium.
Materials and Methods
The study group consisted of 62 patients -45 with acute MI and 17 normal control subjects. The diagnosis of acute MI was made on the basis of a typical history of chest pain, serial ECG and changes in cardiac enzymes. Development of Q waves (40- msec duration) in leads I, aVL, V,-V6 was considered to represent anterior MI (24 patients); Q waves in leads II, III, aVF represented inferior MI (15 patients) . Six patients had both anterior and inferior MI. Seventeen patients had angiographically normal coronary arteries and normal LV volumes, ejection fraction (EF) and end-diastolic pressure (table 1) and served as control subjects. The patients with acute MI were divided into four groups according to the standard MIRU criteria: 19 patients had no signs of heart failure (class I); eight had mild-to-moderate heart failure (class II); six had overt pulmonary edema (class III) and 12 were in cardiogenic shock (class IV). Only class IV included patients who had had previous MI.
Cardiac catheterization was performed 2-6 days after the onset of MI. Selective coronary arteriography in addition to left ventriculography was obtained in 18 patients: 12 in cardiogenic shock, and six class III patients considered to be in a "pre- -33.2   36  48  34  38  38  37  46  41  37  48  37  43  36  71  38  39  36  47  52   23  31  42  38  32  35  31  50   20  28  31  33  29  36   6  9  20  17  23  22  40  26  25  35  29  39 22  24  29  30  30  31  39  39  23  37  26  31  33  32  38  42  30  41   40   12  18  24  27  21  23  29  27   9  12  11  14  19 Abbreviations: HR = heart rate; EDP = end-diastolic pressure; EDV = end-diastolic volume; ESV = = end-systolic volume; SI = stroke index; EF = ejection fraction; ACS = extent of abnormally contracting segments; mean AS = mean systolic shortening along the nine hemiaxes; A = anterior; I = inferior. 131 VOL 60, No 1, JULY 1979 shock" state according to the criteria suggested by O'Rourke et al. 16 The remaining patients were requested to enter the study voluntarily; they agreed to undergo left ventriculography during the acute phase. Each patient gave informed consent. There were no complications of catheterization in the 45 patient studied. In all class IV patients, the ventriculographic study was performed after 24-36 hours of circulatory assist (intraaortic balloon pumping), at which time the shock state was reversed in most of the patients."
Left cineventriculography was performed in the 300 right anterior oblique (RAO) projection using a 35mm film taken at 60 frames/sec, and a Philips 22.5cm image-amplifier system. In all class IV patients and in patients with inferior MI, a second ventriculography was performed 20 minutes later in the left anterior oblique (LAO) projection. Ventricular opacification was accomplished with 50-70 ml Radioselectan, containing 76% sodium and methylglucamine diatrizoates, injected at a pressure of 4.102 KPa through a pigtail catheter. The first cardiac beat in which the LV cavity was completely opacified by the contrast medium (at least two beats after a premature ventricular depolarization) was used to draw the end-diastolic and end-systolic silhouettes of the chamber. End-systolic silhouettes were drawn on the last frame that showed inward motion of the contractile portion of the left ventricle.
Analysis of LV Contraction Abnormalities
Assessments of the location and quantification of the extent of abnormal segmental contraction was generally obtained from the RAO projection.20 However, in patients with cardiogenic shock or with inferior MI, the LAO projection was also analyzed for the absence of asynergy in the posterobasal zone not visualized in the RAO projection. Based on the angiographic evaluation and absence of Q waves in leads V7-V9, no patient with involvement of the posterobasal segment was included in this study. Using the data of Feild et al.,21 we found that in 17 patients with single infarction, the relative size of the akinetic (or dyskinetic) segment determined with biplane or singleplane angiography was not statistically different (t = 0.631).
To properly define localized segments of abnormal ventricular contraction and their extent, end-diastolic and end-systolic outlines of the LV chamber in the RAO projection were superimposed according to the technique of Leighton et al.,22 with correction for the apical rotation. Dyskinesis (paradoxic movement) was considered to be present whenever the end-systolic silhouette extended outside the end-diastolic silhouette. Akinesis was considered to be present whenever the two silhouettes overlapped. The term "abnormally contracting segments" (ACS) signified either of these two localized disorders of LV wall motion. The cineangiographic end-diastolic perimeter and length of the akinetic or dyskinetic segment were determined,21 and ACS was expressed as a percentage: %ACS = (akinetic or dyskinetic length of end-diastolic circumference/total end-diastolic cir-cumference) X 100. Four equidistant lines were constructed perpendicular to the end-systolic longitudinal axis," providing eight hemiaxesfour on the anterolateral wall and four on the inferior wall. In addition, the apical systolic shortening was measured as a percentage of the distance from the end-diastolic position of the apex to the most apical perpendicular hemiaxis. The percent of systolic motion (%AS) was determined for each of the nine hemiaxes (1-4, anterior wall; 5, apex; 6-9, inferior wall) and averaged (mean %AS). Hypokinetic (or hyperkinetic) segments were defined as zones in which %AS was significantly different from that observed in normal control subjects. As noted in another study,22 hemiaxis 9 exhibited much variability in systolic shortening among normal patients (range 16-55%), perhaps because it included portions of the descending mitral valve. Consequently, contraction abnormality at this site (akinesis excepted) should be interpreted with caution.
Left ventricular volumes were estimated in the RAO projection using Simpson's rule.23 EF was expressed as the ratio of ventricular stroke volume to end-diastolic volume. LV pressures were measured using fluid-filled catheters and Statham P23Db strain gauge transducers. End-diastolic pressure was read from high-amplification pressure tracings.
Statistical Analysis
Data were analyzed and treated statistically using the t test for paired and unpaired data as well as standard regression analysis. Since the relationships between several parameters were generally not linear, correlations were expressed as r2 values (square of the correlation coefficients). In the cases of curvilinear or higher order polynomial relationship, the hypothesis of linearity was tested and rejected at the 0.05 level using an F test.
Results
The clinical and laboratory data (mean ± SD) are presented in table 1. The LV end-diastolic pressure (LVEDP) was higher in the MI group than in normal control subjects, and increased progressively from class I through class III. However, LVEDP was not statistically different in class III and IV. The LV enddiastolic volume (LVEDV) was within the normal range in class I and class II, but was moderately higher in class III and markedly increased in class IV. The LV end-systolic volume (LVESV) increased progressively from control through class IV, while the stroke index gradually diminished. EF was reduced in all four classes compared with normals. The %ACS was 21.4 ± 6.4% in class I, and 33.4 ± 9%, 48 ± 9.4%, 64.9 ± 12.1%, respectively, in clases II, III and IV. Similarly, the mean systolic shortening of the nine hemiaxes decreased successively from controls (45.4 ± 6.1) to class I (32.5 ± 6.3), class II (22.6 ± 5.6), class III (14 ± 4.2) and class IV (6.8 ± 4.4). Mean systolic shortening of the nine hemiaxes was highly correlated with %ACS (r = 0.95). Figure 1 shows that LVEDP correlated with LVEDV (r = 0.61), but correlated better with LVESV (r = 0.74) and stroke index (r = 0.75). There was a good linear correlation noted between LVEDP and EF (r = 0.87), %ACS (r = 0.88) and mean systolic shortening of the nine hemiaxes (r = 0.86). Since LVEDV and LVESV were linearly related ( fig. 2 ), a hyperbolic function was expected to describe the relationship between EF and LVEDV (r2 = 0.73). Figure 3 shows a graph of EF vs %ACS and the derived linear regression. The slope of this regression line significantly exceeded the slope of the theoretical line (p < 0.001) drawn between the average normal EF (for %ACS = 0) and zero EF (for %ACS = 100). In particular, most of the patients with ACS < 25% clustered above, while those with ACS > 25% were below the theoretical line. LVEDV and LVESV had significantly parabolic correlations with ACS ( fig. 2 ) -LVEDV = 0.0201 ACS2 -0.044 ACS + 76.5 (r2 = 0.75); LVESV = 0.0203 ACS2 + 0.0214 ACS + 23.3 (r2 = 0.924).
In all patients with a single infarction (figs. 4 and 5), the sites of the infarction assessed by contrast ventriculography corresponded well with those derived from the ECG. Thus, in inferior MI, %AS was markedly decreased along the inferior hemiaxes 6-9, while systolic shortening remained in the normal range along the anterior hemiaxes 1-5. Although hemiaxis 9 may include some portion of the mitral valve, its systolic shortening was equal to or greater than the lower normal limit (16%) in only five patients, and was lower (range 0-12%) in the other 10 patients. In patients with anterior MI, %AS was markedly depressed along hemiaxes 1-5, and normal along the inferior hemiaxes 6-9. Apical involvement was noted only in the presence of anterior MI. In patients with cardiogenic shock, %AS was reduced in all the hemiaxes, except in the superior portion of the anterolateral wall and in the region close to the mitral valve ( fig. 6 ). All 12 patients with cardiogenic shock had paradoxical systolic expansion in segments 3-5, compared with only four out of the 18 patients with anterior MI and none of the 15 patients with inferior MI.
The %ACS was greater in anterior (34 ± 14%) than in inferior MI (28 ± 7%, p < 0.02), and LVESV, stroke index and EF were significantly different in these groups (p < 0.02) ( fig. 7 ). In none of the patients with inferior MI did the %ACS involve more than 40% of the end-diastolic perimeter, vs five of the 18 patients with anterior MI. When these latter five patients were excluded, two subgroups were formed with comparable %ACS, i.e., 26 ± 9% (range 11-39%) in the anterior MI group and 23 ± 7% (range 10-38%) in the inferior MI group. These two subsets were then equivalent in terms of basic LV function parameters. In the overall grouping of patients, regardless of size and anterior or inferior location of the infarct, systolic shortening along hemiaxes facing the noninfarcted area did not differ significantly from that of the corresponding hemiaxes in normal subjects. However, when the patients were subdivided into two subsets depending on %ACS being less or more than 25% of the LV perimeter, the residual noninfarcted myocardium was found to be hyperkinetic when %ACS was < 25%, and normokinetic or frequently hypokinetic when %ACS was > 25% (figs. 4 and 5). -ANTERIOR-_-APICAL-IN INfERIOR -FIGURE 6. Systolic shortening (AS, mean ± SD) in patients with cardiogenic shock (closed circles) was severely reduced along all the hemiaxes and a paradoxic systolic expansion was actually noted in the anteroapical region (hemiaxes 3-6). The shaded areas represent 1 SD. and the degree of altered global ventricular function.
Patients usually had symptoms of heart failure whenever the %ACS exceeded 30%. The slight degree of the overlap between ACS in different clinical classes might be attributed to the subjective nature of the clinical classification. In patients without or with only mild heart failure, the finding of increased LVEDP in the presence of normal LVEDV suggests a reduction in global LV compliance, presumably due to the increased stiffness of the infarcted myocardium. 24 26 However, in patients with severe pump failure, the increase in LV filling pressure was associated with an increased LVEDV. The greatest and most frequently observed geometric abnormality in LV function was an increased end-systolic volume and a decreased EF. This is obviously the result of the infarction causing a regional loss of contractile function,26 and is also consistent with the finding of a close correlation between %ACS and end-systolic volume.
Our results, as well as those of other investigators, 21 suggest that diminished mean systolic fiber shortening is the earliest and primary alteration of the LV function in patients with acute MI. Detailed analysis of the regression lines showed that EF decreased when %ACS exceeded 14%, LVEDP rose above 12 mm Hg when %ACS exceeded 11% and LV volume exceeded 90 mI/M2 when the %ACS was greater than 40%.
The finding of a highly significant negative correlation between %ACS and LVEF supports the ex- assumed a spherical model of the LV, and showed that EF is reduced theoretically in direct relation to the proportion of inert myocardium. As indicated, the slope of the calculated regression in the current clinical study was significantly higher than that of the theoretical line. Thus, in patients with a %ACS < 25%, measured EF was higher, and in patients with a %ACS > 25%, measured EF was lower than the theoretical value. The reason for this discrepancy might be that 1) the infarcted myocardium is assumed to be totally noncontractile and nondistensible, and 2) the noninfarcted myocardium is assumed to have normal contractility and compliance. Our data indicate that one or both of these assumptions might not be satisfied during the early phase of acute MI.
Significant dyskinesis should produce a greater reduction in LVEF than would akinesis;26' 28 this is consonant with the findings of Miller et al.20 In this study, dyskinesis was demonstrated in 16 of 45 patients (36%). However, except in the patients with cardiogenic shock, the extent of paradoxic motion was relatively small. The effect of the contractile and compliance state of the noninfarcted myocardium is a major factor in acute MI. Thus, after experimental coronary occlusions in dogs, several investigators found enhanced mechanical function in nonischemic zones, 9-3 while others found nonoccluded segment function to be either unchanged32 33 or depressed. 34 3 In patients with a %ACS < 25%, noninfarcted myocardial function was generally supernormal in this study. Since the LVEDV was unchanged and the LVEDP increased slightly, the augmented contractile performance of remote myocardium could not be ascribed to an increase in ventricular preload and was probably secondary to endogenous sympathoadrenergic stimulation after acute MI. 36 that reduced systolic shortening was seen near an acutely ischemic area perfused by patent vessels. Other investigators have shown histologic and metabolic abnormalities in nonischemic myocardium after acute coronary occlusions.4' 42 The mechanism responsible for the depressed contractile function of the noninfarcted myocardium may be related to preexisting and unrecognized myocardial damage43 and/or severe and diffuse coronary artery disease limiting flow to the unaffected myocardium, even though myocardial oxygen demands are increased due to the LV dilatation. The relative importance of each mechanism cannot be evaluated from the findings of the present investigation. When the %ACS in the present study was similar in both anterior and inferior MIs, the location of ACS alone did not influence the indices of global LV function. In this context, a source of error may be that septal involvement was underestimated in the RAO view. Biplane ventriculography would allow more accurate evaluation of anteroseptal asynergy.2' However, it has been reported that all patients with asynergy in the LAO view also had asynergy in the RAO view. [44] [45] [46] Although some underestimation of anteroseptal contraction abnormalities cannot be excluded in some patients, this does not alter the conclusions for the whole group. Thus, the location of infarction does not appear as a unique determinant of LV performance, and the greater hemodynamic consequence usually noted in anterior than in inferior MI is the result of the more extensive area of ACS during anterior ventricular involvement. Another factor accounting for the greater frequency of pump failure in anterior than in inferior MI is that dyskinesis occurred with anterior wall necrosis, and not with inferior wall necrosis.
The finding of a high %ACS in patients with cardiogenic shock is consistent with previous reports."4-"' In cases ending fatally, a consistent finding was that more than 40-50% of the LV myocardium had been destroyed by recent or old infarcts. 47 48 In this study, although most patients improved temporarily during intraaortic balloon pumping, only the two who had a %ACS < 50% were discharged from the hospital.
In conclusion, 1) the %ACS is the major determinant of global ventricular impairment that develops after acute MI; 2) the compensatory mechanisms that tend to restore cardiac performance operate either through an increase in contractile state of the residual myocardium when the extent of asynergy is small, or through the Frank-Starling mechanism when the extent of asynergy is large; 3) the dysfunction of the noninfarcted zone may be a contributory factor in the deterioration of cardiac performance in severe MI.
